The composition of GeO 2 films grown on Ge has been studied for different molecular deposition processes and after exposure to ambient air. The stoichiometry, the interaction with moisture, and the interfacial details of the films are shown to be dramatically process dependent.
The continuous effort in developing novel materials with high dielectric constant ͑high-͒ on nonstandard semiconductor substrates addresses the concomitant demands for high mobility channels and gate oxide downscaling in advanced electronic devices.
1 To this respect, high-oxides on Ge substrates would benefit from an intrinsically higher carrier mobility compared to the Si case. However, the formation of a Ge-based interface layer ͑IL͒ may occur during high-deposition or postdeposition processes. [2] [3] [4] This phenomenon can be regarded as a drawback for the integration in complementary metal oxide semiconductor ͑MOS͒ devices as the resulting equivalent oxide thickness of the dielectric gate stack would be downward limited. Nonetheless, to circumvent the irremediably high defect density in the high-/ Ge interface, 5 an ultrathin IL may have beneficial effects in reducing the interface charge trap density, 6 the remote phonon scattering, 7 and the Ge diffusion inside the oxide gate. 8 The intentional fabrication of a Ge-based IL might be a promising route to engineer a high-/ Ge interface with electrically superior performances. This approach was extensively explored with the growth of GeO x , GeO x N y , or Ge x N y buffer layers [9] [10] [11] sandwiched between the high-and Ge. In particular, very recently it has been demonstrated that a thermally grown GeO 2 IL may work as a good electrical passivation for the high-deposition on Ge. 12 A stable GeO 2 stoichiometry would be preferable than a substoichiometric oxide GeO x ͑x Ͻ 2͒, the latter being less stable and easily affected by a higher density of electrically active defects related to the larger amount of unsaturated dangling bonds. 6, 13 An important breakthrough for the improvement of the relevant IL features can be achieved by using molecular beam deposition ͑MBD͒ techniques in ultrahigh vacuum ͑UHV͒ condition. This approach offers the opportunity to selectively control the film composition in a noncontaminated environment. Following this philosophy, in a previous work we showed that the exposure of a Ge͑001͒ surface to highly reactive atomic oxygen radicals can be efficiently exploited to fabricate thin Ge oxide films with a temperaturedependent stoichiometry. 14 Furthermore, an aspect of primary importance for device optimization is to evaluate to which extent the IL composition and stoichiometry are resistant against modifications induced by moisture absorption. This behavior has been carefully investigated by means of a postdeposition chemical diagnostic after having exposed the as-grown samples to ambient air for a fixed time. The Ge͑001͒ substrates were prepared in an Omicron UHV multichamber system ͑base pressure: 5 ϫ 10 −11 mbar͒ by means of 20 min long thermal heating at 500°C leading to a ͑2 ϫ 1͒ reconstructed Ge͑001͒ surface ͑as deduced by reflection high energy electron diffraction͒ and to the desorption of the native oxide. The atomic oxygen beam was generated by a radio-frequency dissociation source working with a partial O 2 pressure of 5 ϫ 10 −5 mbar at a forward power of 350 W. The same O 2 pressure was kept during the Ge + MO experiment. The Ge beam was provided by an effusion cell with a deposition rate of 1 Å / min as precalibrated by quartz balance thickness monitor integrated in the deposition chamber. Following the results of Ref. 14, a deposition temperature of 300°C was kept fixed in each MBD process in order to promote the formation of a major GeO 2 stoichiometry. The samples were analyzed in situ by x-ray photoelectron spectroscopy ͑XPS͒, provided by a nonmonochromatic Mg K␣ radiation source ͑1253.6 eV͒. The photoelectrons have been acquired by an Omicron EA 125 HR analyzer ͑endowed with an energy resolution of 0.6 eV and with an angle acceptance of Ϯ8°in the high-resolution mode͒ using a pass energy of 20 eV and an energy step size of 0.05 eV and a dwell time of 0.5 s. Ge+ AO, Ge+ MO, and AO samples were grown by uniformly keeping a deposition time of 100 min for each one. The composition of the as-grown films was assessed in situ from the core level photoemission Ge 3d and O 1s lines, recorded at a take-off angle of 37°and reported in Figs. 1͑a͒ and 1͑b͒ respectively. To get quantitative information, the spectra have been fitted by multiple Gaussians convoluted with Lorentzians ͑Voigt functions͒ after Shirley background removal ͑doublet-like fitting functions have been used in the case of the Ge 3d line in order to account for the spin orbit splitting͒. Based on the peak assignment proposed in Ref. 16 and adopted in Refs. 6, 9, and 12-14, the deconvolution of the Ge 3d line in multiple doublet components in Fig. 1͑a͒ takes into account the four Ge oxidation states ͑Ge 1+ , Ge 2+ , Ge 3+ , and Ge 4+ ͒ pertaining stoichiometrically different oxide species ͑Ge 2 O, GeO, Ge 2 O 3 , and GeO 2 , respectively͒ as well as the bulk contribution Ge 0 indicative of the elemental Ge-Ge bonding. Following the analysis of Ref. 17 , two components can be discriminated in the deconvolution of the O 1s lines in Fig. 1͑b͒ which are, respectively, associated to GeO 2 and to a mixture of GeO x species. In Fig. 1͑a͒ the Ge 3d line of the Ge+ AO sample consists of a largely dominant component located at binding energy BE= 33.2Ϯ 0.1 eV with a well defined width w = 1.5Ϯ 0.1 eV. This unambiguously denotes the presence of a thick GeO 2 film, identified by the tetravalent Ge 4+ oxidation state in the Ge bonding inside the oxide. 16, 18 The related O 1s line in Fig. 1͑b͒ consistently shows a single component at BE= 532.2Ϯ 0.1 eV which is considered as the reference O 1s line position for GeO 2 . The sharp GeO 2 composition results from the measured area ratio between the Ge 3d and O 1s line rescaled on the respective atomic sensitivity factors. 19 This result has been concomitantly confirmed by the measurement of the O 1s -Ge 3d energy separation ⌬ ͑O1s-Ge3d͒ = 499.2Ϯ 0.1 eV and of the energy bandgap E g = 5.8Ϯ 0.2 eV ͑extrapolated from the plasmonic threshold in the O 1s energy loss spectrum as shown in the inset of Fig. 1 for the Ge+ AO case͒ in perfect agreement with the values reported in Refs. 17 and 20, respectively. No change in the XPS line shape profile and no bulk contribution Ge 0 can be observed as a function of the take-off angle thus indicating the oxide thickness is larger or equal than the maximum sampled depth. 21 Similarly, an abundant GeO 2 concentration, i.e., a dominant Ge 4+ component, can be deduced from the Ge 3d line for the AO process. Since Ge 3d photoelectrons can be collected from the bulk of the AO sample, it is possible to probe the whole depth of the oxide and, hence, to estimate an oxide thickness of 6.6 nm from the angle-resolved XPS analysis ͑not shown͒ then indicating a lower growth rate compared to the Ge+ AO case. According to the peak assignment of Refs. 14 and 16, the Ge 3d shape profile also features little contributions due to the oxidation states Ge 1+ and Ge 2+ which refer to a minority concentration of GeO x species ͑Ge 2 O and GeO, respectively͒ in the GeO 2 matrix. This picture is also reflected in the asymmetric shape of the corresponding O 1s line in Fig. 1͑b͒ owing to the convolution of two different components located at BE= 532.2Ϯ 0.1 eV and BE= 531.1Ϯ 0.1 eV which can be, respectively, assigned to the GeO 2 -and to the GeO x -like bonding. Conversely, the Ge 3d line of the Ge + MO sample shows a prevailing Ge 0 contribution at BE = 29.5Ϯ 0.1 eV with a less pronounced feature at higher BEs being indicative of a very thin oxide layer ͑below 1 nm according to the mean free path of the Ge 3d photoelectrons͒. The comparatively lower thickness is related to the intrinsically lower efficacy of the O 2 as oxidizing agent with respect to the atomic oxygen radicals as demonstrated by the very little increase in the oxide contribution to the Ge 3d line of an additional Ge+ MO sample grown with a deposition time of 300 min ͓added to Fig. 1͑a͒ for comparison͔. The nature of the oxide in the Ge+ MO sample can be ascribed to the interplay of the low oxidation state components, Ge 1+ , Ge 2+ , and Ge 3+ , therein indicating a mixture of GeO x species 14,16 as confirmed by the position of the O 1s line centered at BE = 531.1Ϯ 0.1 eV ͓Fig. 1͑b͔͒. The relative concentrations deduced from the XPS intensities of each oxidation state component are reported in Table I. Note that owing to different thicknesses in different MBD procedures, the former values refer to the whole oxide depth only for the AO and Ge + MO cases whereas in the Ge+ AO case only a near-tosurface region of the oxide can be probed by XPS. 21 In order to assess the degree of resistance to moisture, the samples were taken out from the UHV system, exposed FIG. 1. ͑Color online͒ Core-level photoemission Ge 3d lines ͑a͒ and O 1s lines ͑a͒ of the as-grown Ge+ AO, AO, and Ge+ MO samples recorded in situ at a take-off angle of 37°. All the samples have been grown by keeping a deposition time of 100 min and a growth temperature of 300°C. As a comparison the Ge 3d line of a Ge+ MO sample grown with a deposition time of 300 min has been added to panel ͑a͒ ͑see the black dotted curve in the upper side of the panel͒. The spectra have been deconvoluted in multiple Voigt functions according to the best-fit procedure described in the text. For the sake of a uniform view, the intensity of the spectra has been displayed in a unity scale after normalization to the peak maxima. Inset: Extrapolation of the energy band gap of the Ge+ AO sample from the energy loss spectrum of the O 1s line.
to air for 24 h, and then reintroduced into the UHV chamber for XPS diagnostic. The XPS results are reported in Figs. 2͑a͒ and 2͑b͒ for the Ge 3d and the O 1s lines, respectively. Following the same strategy of the data analysis in Fig. 1͑a͒ , the concentrations of the oxide species are reported in Table  I in the square brackets. In detail, the composition of the Ge+ AO sample is almost unaltered thus revealing the stoichiometric invariance of the GeO 2 structure against moisture absorption. Unlike recent internal photoemission measurement of an anomalously low band gap for thin GeO 2 ILs, 22 no change can be observed here from the extrapolation of the band gap with respect to the as-grown Ge+ AO sample thus indicating that the band structure of the oxide is not significantly influenced by the interaction with moisture ͑data not shown͒. An analogous evidence also resulted from the GeO 2 grown by atomic layer deposition. 20 Similarly to the GeϩAO case, sample is affected by little modifications after exposure to air. The GeO 2 concentration is here fairly constant. The insertion of an additional Ge 3+ component which was not included in the spectrum deconvolution of the as-grown AO sample is required here in order to hold the width w = 1.5Ϯ 0.1 eV of the Ge 4+ component. This implies the emergence of a new Ge 2 O 3 concentration amounting to the 6% of the oxide film. The other GeO x concentrations exhibit an overall reduction. As a result of the moisture chemisorption, the residing GeO 2 is not affected by chemical transformations, i.e., no relevant changes can be evidenced in the GeO 2 relative concentration after exposure to air, and the GeO x species tend to modify their own stoichiometry toward bonds with higher Ge oxidation states. Consistently with this behavior, the Ge+ MO sample undergoes an even more pronounced transformation. In fact, the Ge 3+ component is boosted ͑from 20% to 41%͒, becoming higher than the Ge 2+ and the Ge 1+ ones ͑strongly reduced from 58% to 34% and from 22% to 12%, respectively͒, and a new Ge 4+ signal remarkably appears ͑from 0% to 13%͒. The formation of the GeO 2 constituent in the Ge+ MO sample can be also inferred from the overall broadening of the related O 1s line in Fig.  2͑b͒ due to the convolution of the GeO 2 and GeO x components. The GeO x component in the O 1s line also reflects a 0.25 eV shift to higher BE compared to the spectrum of the as-grown Ge+ MO sample which can be tentatively associated with the increased concentration of the higher oxidation state Ge 2 O 3 species with respect to the other GeO x species. It should be noted that an additional component in O 1s line placed at BE= 533.8 eV must be accounted for in the best fit which can be most likely assigned to a moderate OH incorporation as proposed in Ref. 22 . We also add that the moisture absorption in the AO and Ge+ MO cases is accompanied by an oxide thickening as revealed by the intensity increase in the Ge 4+ component with respect to the Ge 0 one. In analogy with the SiO 2 case, 23 moisture chemisorption to GeO 2 can be regarded as a dissociative process which breaks the Ge-O-Ge surface bridges then forming Ge-OH groups with the unsaturated Ge sites. The presence of GeO x species may favor this mechanism by offering an intrinsically larger density of oxygen-deficient defects, 24 prone to the moisture chemisorption. However, deeper investigations, both theoretical and experimental, are needed to elucidate the defect microstructure in GeO x and the details of the moisture chemisorption process.
To investigate the interface composition of the GeO 2 films induced by Ge+ AO and AO processes, single Ge + AO and AO films, with thicknesseses of 3.7 and 2.4 nm, respectively, have been grown by using 15 min long processes. The samples are thus thin enough to study the GeO 2 / Ge interface bonds by XPS. In Fig. 2 the XPS Ge 3d lines of the thin films are compared to the ones of the corresponding thick samples. Both thin films show a relatively large Ge 0 contribution due to their reduced thickness. Such a contribution, placed at BE= 29.8Ϯ 0.1 eV, deviates from the TABLE I. Concentrations of each oxide species for the AO, Ge+ MO, and Ge+ AO samples grown using a deposition time of 100 min, as deduced from the best-fit deconvolution of the XPS Ge 3d lines in Fig. 1͑a͒ . The values in the brackets have been inferred after 24 h exposure to air based on the analysis of the spectra in Fig. 2͑a͒ . The values measured for the AO and Ge+ MO cases refer to the whole depth of the films since photoelectrons from Ge bulk can be collected. Owing to the large thickness, in the Ge + AO case the concentrations are concerned with the maximum sampled depth detected by XPS ͑see Ref. 21 for details͒. The accuracy on the evaluation of the concentration values is strictly related to the accuracy of the best-fit procedure which has been performed by keeping the 2 parameter lower than 1.5 according to the peak position assigned in Refs. 14 and 16.
FIG. 2. ͑Color online͒ Core-level photoemission Ge 3d lines ͑a͒ and O 1s lines ͑a͒ of Ge+ AO, AO, and Ge+ MO samples ͑see text for details͒ taken after a 24 h long exposure to air at a take-off angle of 37°. The intensity of the spectra have been reported in a unity scale after normalization to the peak maxima.
standard position of the elemental Ge 3d line ͑marked by Ge el in Fig. 2͒ by an amount of about 0.6 eV toward higher BEs, such a shift being in agreement with the band bending measured in Ref. 20 . A remarkable discrepancy in the XPS oxide peak position between the spectra of the two Ge + AO films can be observed in Fig. 3͑a͒ . Contrary to the thick GeO 2 obtained after 100 min long Ge+ AO codeposition, the overall oxide component in the thin film is centered at BE= 32.4Ϯ 0.1 eV. The shrinking of the chemical shift observed for the thin Ge+ AO sample can be rationalized as a GeO x -rich interface configuration induced by the Ge+ AO process. Indeed the fit to the relevant Ge 3d line in Fig. 3͑a͒ clearly shows the interplay of a prevailing Ge 3+ with a significant Ge 2+ and a minor Ge 4+ component in the spectrum deconvolution. This picture is also consistent with the recent theoretical prediction of a transition layer in the relaxed GeO 2 / Ge structure from first principles investigations. 25 This behavior can be alternatively attributed to the interface confined screening from substrate electrons as observed at the SiO 2 / Si system 26 or to a differential charging between the oxide and the semiconductor as discussed for the HfO 2 on GaAs 27 although these effects have not been evidenced in the Ge+MO sample and in the thin AO sample ͑see the following͒. The spectrum recorded after exposure to air clearly shows that the overall oxide contribution shifts to higher BEs thus confirming the tendency to form bonds with higher Ge oxidation states after moisture absorption as in case of the Ge+MO sample. On the other hand, no variation of the chemical shift can be identified in the thin AO sample, both in the as-grown film and after exposure to air ͓Fig. 3͑b͔͒, with respect to the thick AO sample. In all those cases, the spectra are qualified by a preponderant Ge 4+ component ͑at BE= 33.2 eV͒ which claims for a majority GeO 2 composition homogeneously distributed starting from the interface level ͑the details of the thin AO film composition have been extensively reported elsewhere 14 ͒. In conclusion, three different MBD techniques has been compared to grow high quality GeO 2 films on Ge susbtrates. The use of a O 2 supply in the Ge+ MO is not efficient in creating a thick oxide film with GeO 2 stoichiometry whereas the atomic oxygen assisted processes, Ge+ AO and AO, both concur in forming a preponderant stoichiometric GeO 2 film at 300°C ͑with a minor GeO x concentration͒, the former exhibiting a GeO x -rich interface configuration and the latter a major GeO 2 / Ge-like interface. No effect on the GeO 2 stoichiometry has been observed due to moisture chemisorption upon air exposure. Conversely, the oxidation states of the chemical bonds in the GeO x species are increased upon air exposure.
Electrically detected magnetic resonance measurements of the various GeO 2 configurations are in progress to investigate the nature of the relevant interface defects and possibly reveal differences at the microscopic level. We reliantly expect that this work may contribute to optimize the fabrication process of GeO 2 IL on Ge-based MOS devices and to further elucidate the chemical details of the GeO 2 passivation of Ge surfaces. FIG. 3 . ͑Color online͒ Ge 3d lines recorded after: ͑a͒ Ge+ AO co-deposition at T S = 300°C for 100 min ͑empty circles͒ and 15 min-as grown ͑filled circles͒ and after expsure to air ͑black line͒; ͑b͒ AO exposure at T S = 300°C for 100 min ͑empty circles͒ and 15 min-as grown ͑filled circles͒ and after exposure to air ͑black line͒. It should be noted that the spectrum deconvolution of the thin Ge+ AO sample has been explicitly displayed in panel ͑a͒ in order to rationalize the shrinking of the chemical shift with respect to the thick Ge+ AO sample.
